INTRODUCTION
Carbon nanotubes (CNTs) have received much attention in analytical chemistry due to their adsorptive properties. 1, 2 CNTs are used as sorbents in solid-phase extraction (SPE) both for determination organic compounds 3, 4 and trace metal ions. [5] [6] [7] [8] A proper surface treatment of CNTs can enhance not only dispersibility but also improve metal sorption and selectivity. The most popular and simple modification of CNTs is the oxidation process using various acids, ozone, or plasma. Such drastic conditions lead to the opening of the tube caps and the formation of holes in the sidewalls and, in consequence, oxygen functional groups, such as OH, -C=O, and -COOH are formed. The functional groups can efficiently bind metal ions through sharing an electron pair and forming metal complexes. The raw CNTs can also be used in SPE if hydrophobic complexes of determined metal ions are formed. In this case, trace elements are adsorbed on raw CNTs through van der Waals forces or hydrophobic interactions. The choice of chelating agent is based on its fast reaction with metals, solubility in water, and stability in a broad pH range. The following chelating agents have been used in combination with CNTs: 1-(2-pyridylazo)-2-naphtol, 9, 10 dithizone, 11 o-cresolphthalein complexone, 12 8-hydroxquinoline, 13 and ammonium pyrrolidinedithiocarbamate (APDC). [14] [15] [16] Although several metal ions can successfully be determined using oxidized CNTs without chelating agent, the formation of hydrophobic complexes usually improves the analytical performance of the methodology. 10 Until now SPE using CNTs as solid sorbents has been combined with spectroscopic techniques that require liquid sample to perform measurements, e.g., flame atomic absorption spectrometry, [9] [10] [11] [12] [13] [14] [15] inductively coupled plasma optical emission spectrometry, 17, 18 inductively coupled plasma mass spectrometry, 19, 20 or atomic fluorescence spectrometry. 16 Therefore, after the SPE extraction procedure, analytes have to be eluted using a suitable solvent. Hydrophobic complexes adsorbed on CNTs can be eluted using strongly acidic solutions, organic solvents, or their mixture, e.g., HNO 3 /acetone, 9, 11, 14, 15 20% HNO 3, 16 or DMF. 10 The elution process can be considered an error-prone step of the SPE procedure because of the incomplete recovery of the metal ions from the solid sorbent.
The present contribution proposes the combined use of preconcentration using multiwalled carbon nanotubes (MWCNTs) with energy-dispersive X-ray fluorescence (EDXRF) spectrometry for the determination of cobalt, nickel, copper, and lead at trace levels in aqueous samples. With this technique, the direct quantification of metal species held in solid materials is possible, and therefore the elution step can be avoided. Moreover, the proposed preconcentration procedure is based on dispersive micro solid-phase extraction (DMSPE), which promotes the immediate interaction between the metal chelates and MWCNTs and shortens time of sample preparation in comparison with classical SPE. The effects of various experimental parameters such as pH of the solution, amounts of MWCNTs and complexing agent (APDC), sample volume, and time of stirring have been investigated in order to select the best analytical conditions for analyte determination at trace levels. Finally, the developed procedure has been applied for the determination of cobalt, nickel, copper, and lead in different types of environmental water samples.
EXPERIMENTAL
Reagents. Element stock solutions (1 mg mL À1 of Co, Ni, Cu, and Pb), nitric acid (65%, Suprapur t ), and ammonium hydroxide solution (25%, Suprapur) were purchased from Merck (Darmstadt, Germany), and ammonium pyrrolidinedithiocarbamate (.98%) was purchased from POCh (Gliwice, Poland). Multiwalled carbon nanotubes (MWCNTs) with diameters of 6 to 9 nm and lengths of approximately 5 lm were purchased from Sigma-Aldrich (St. Louis, MO, USA). Before use, MWCNTs were refluxed with concentrated nitric acid and washed with high-purity water until neutral pH was reached, and then dried at 100 8C. The suspension of MWCNTs (5 mg mL À1 ) was prepared using high-purity water. Before use, the MWCNTs suspension was sonicated for 30 min to obtain an homogeneous dispersion. The pH of the solutions being analyzed was adjusted with 0.1 mol L À1 HNO 3 and 0.1 mol L À1 NH 3 ÁH 2 O. All reagents were dissolved and diluted with high-purity water obtained from a Milli-Q system.
Instrumentation. A touch-control S2 Ranger energydispersive X-ray fluorescence (EDXRF) system (Bruker AXS, GmbH, Germany) with a Pd X-ray tube (max. power 50 W) and a Xflash TM Silicon Drift Detector (SDD) with a resolution ,129 eV at Mn-Ka was used. The instrument is also equipped with nine primary filters that can be selected for improving measuring conditions for elements of interest. One of the biggest advantages of this spectrometer compared with other existing laboratory systems is that it is equipped with an air-cooled low-power X-ray tube and a Peltier-cooled SDD, and thus no cooling media or gas consumption is required. Moreover, its compact all-in-one design with integrated PC, printer, and vacuum pump minimizes the space requirements. These facts make this system very attractive for implementation in the industry and research laboratories. Detailed information about specific features of the S2 Ranger spectrometer can be found elsewhere. 21 To obtain the most efficient excitation for analyte determination, an evaluation of the best EDXRF measuring conditions was carried out. In all cases, the intensity was adjusted automatically to obtain a maximum count rate of 100 000 cps, and the measuring time (200 s) was selected as a trade-off between an acceptable repeatability of measurements and total analysis time. In this study the choice of the primary beam filters and the tube operating conditions was based on the best signal-to-noise ratio attainable for each element. A combination of a primary filter made of Al (500 lm thickness) and a ratio between the X-ray tube voltage and current of 40 kV/1.25 mA was the best option. The measurements were performed in vacuum using a 30 mm mask. In Table I a summary of the main instrumental conditions used is shown.
Preconcentration Procedure. The proposed extraction procedure based on dispersive micro solid-phase extraction (DMSPE) using MWCNTs was as follows: an aliquot of 100 mL of sample containing metal ions to be determined was placed in a 150 mL beaker. Then, 100 lL of a 2% (m/v) ammonium pyrrolidinedithiocarbamate (APDC) solution and 200 lL of a 5 mg mL À1 oxidized MWCNTs suspension were added. The pH of the sample was adjusted to 7 using 0.1 mol L À1 HNO 3 and 0.1 mol L À1 NH 3 ÁH 2 O. Subsequently, the solution was stirred at 700 rpm for 5 min. Homogenization was immediately achieved, which promotes the interaction between the metal chelates and MWCNTs. Then the mixture was passed through a Whatman filter of 25 mm in diameter (Maidstone, UK) using a filtration assembly (25 mm, Sigma-Aldrich). MWCNTs (with adsorbed metal chelates) collected onto filter were dried under an infrared heater. Loaded filters were placed between two 6.0 lm-thick Mylar X-ray foils (supplied by Chemplex Industries, Inc., Palm City, FL, USA) mounted in special liquid sample holders, which incorporates snap-on ring at the end of the cell for attachments of thin-film supports. Afterward, samples were sealed in the sample holder of the equipment for EDXRF analysis. Blank samples were prepared using the same procedure, but an aliquot of 100 mL of Milli-Q water was used instead of the solution containing the target elements or natural sample of water.
Preparation of Calibration Samples. The calibration samples were prepared using the described DMPSE procedure using a series of multielement solutions containing metal ions in the concentration range 0.005 to 0.2 lg mL À1 . Each calibration sample was prepared in three replicates.
RESULTS AND DISCUSSION
In this paper, dispersive micro solid-phase extraction (DMSPE) using multiwalled carbon nanotubes (MWCNTs) and chelating agent (ammonium pyrrolidinedithiocarbamate [APDC]) is proposed. MWCNTs are dispersed in aqueous samples, which promote the immediate interaction between the metal chelates and MWCNTs. In order to obtain high recoveries of the metal ions on MWCNTs, several analytical parameters affecting the extraction procedure such as pH, amount of MWCNTs and APDC, sample volume, and time of sorption process were carefully evaluated.
Effect of Sample pH. The effect of sample pH on adsorption of Co(II), Ni(II), Cu(II), and Pb(II) on MWCNTs in the presence of APDC was studied within the range of 1.0 to12.0. The experiment was performed using both raw and oxidized MWCNTs, and stirring time was set at 30 min. As can be seen in Fig. 1 , high recoveries for Co(II), Ni(II), Cu(II), and Pb(II) were found in the pH range of 6.0 to 9.0. A pH value of 7.0 was chosen for subsequent experiments. It is interesting to note that the raw and oxidized MWCNTs gave similar results in terms of recovery values (Fig. 1 ). However, oxidized MWCNTs were used to perform further experiments. This choice results from the fact that the raw MWCNTs are insoluble and disperse with difficulty in aqueous samples due to strong van der Waals interactions that hamper metal sorption. The oxidation process with HNO 3 significantly enhances dispersibility, and as a consequence a high recovery can be obtained for a short time during the sorption process. Moreover, the raw MWCNTs usually agglomerate due to Van der Waals force, and the specimens obtained after the filtration process are not homogeneous, which can influence the precision of metal determination. In Fig. 2 , a comparison of the visual appearance of the filters loaded with raw and oxidized MWCNTs is presented. Effect of Amount of Ammonium Pyrrolidinedithiocarbamate. An appropriate APDC concentration should be used to ensure an effective complexation of metal ions in the aqueous solution. The effect APDC amount on analyte recoveries was studied in the range of 0 to 0.05 mg mL À1 (from 0 to 5 mg of APDC in a sample of 100 mL volume). As can be seen in Fig. 3 , simultaneous and efficient adsorption of Co(II), Ni(II), Cu(II), and Pb(II) were achieved at APDC concentrations ranging from 0.015 to 0.05 mg mL À1 . Satisfactory results for Cu(II) and Pb(II) were also obtained in the absence of APDC. This fact can be explained by the negative charge of oxidized MWCNTs surface at pH = 7, which causes electrostatic interactions between metal ions and oxygen functional groups -COO À , -O. Moreover, Cu(II) ions can be precipitated or coprecipitated at pH = 7 due to the low solubility product for Cu(OH) 2 (pK sp = 19.3). In the presence of APDC, formation of hydrophobic complexes plays an important role. In this case, trace elements are adsorbed on MWCNTs through van der Waals forces or hydrophobic interaction. Thus, with the increase of APDC concentration, van der Waals forces or hydrophobic interactions become more important, which causes very good recoveries for Co(II) and Ni(II) at pH = 7. For these metal ions the recovery values increase from about 65% to 98% when increasing the APDC amount up to 0.015 mg mL À1 . On this basis, all the studies were carried out using an APDC concentration of 0.02 mg mL À1 (2 mg of APDC in the aqueous sample of 100 mL). In this way, Co(II), Ni(II), Cu(II), and Pb(II) can be simultaneously determined at pH = 7 with very good recoveries. Effect of Amount of Multiwalled Carbon Nanotubes. The use of an appropriate amount of the solid sorbent is also a crucial issue in DMSPE procedures because it influences the contact between the sample solution and the surface of the sorbent and in consequence on the adsorption time. The effect of MWCNTs amount on the analyte recovery values was investigated within the range of 0-2 mg of MWCNTs. In all cases, a constant amount of 2 mg of APDC and 100 mL of aqueous sample containing 0.05 lg mL À1 of metals were used. As shown in Fig. 4 , metal recovery values increased with increasing MWCNT amounts up to 1 mg. Then the recovery values remain nearly constant. It also should be noted that when MWCNTs were not added to the analyzed solution the precipitation of metal chelates was also observed, which resulted in low recoveries varying in the range of 30-55%. Taking into account the obtained results, further experiments were carried out adding 1 mg of MWCNTs in 100 mL of the aqueous sample.
Effect of Sample Volume. Another parameter that can significantly affect the recovery values and the global sensitivity of the methodology is the volume of the aqueous sample used for preconcentration. To evaluate this effect, increasing sample volumes of the aqueous phase (from 50 to 200 mL) were tested. In all cases an aqueous solution containing 5 lg of Co(II), Ni(II), Cu(II), and Pb(II) was used. Quantitative recoveries were found for all the metal ions when using sample volumes up to 100 mL (see Fig. 5 for details). For higher volumes, a decrease of recovery values was observed for Co(II), Ni(II), and Cu(II). Considering multielemental analysis, 100 mL sample volume was set for the analysis of real samples. However, if higher volumes of aqueous sample are required (to obtain better detection limits) the amount of MWCNTs should be increased proportionately (1 mg of MWCNTs for 100 mL of aqueous sample).
Effect of Stirring Time. The time of stirring is a measure of the contact time between the sample solution and the MWCNTs. This effect on metal recoveries was investigated by varying the stirring time from 5 to 120 min. In all cases, 1 mg of MWCNTs and 100 mL aqueous sample containing 0.05 lg mL À1 of metals were used. The results (Fig. 6 ) indicated that the time variation in the range of 5-120 min did not have a significant effect on the adsorption of the metal chelates on MWCNTs. It was found that DMSPE using MWCNTs and APDC as chelating agent promotes the immediate interaction between the metal chelates and MWCNTs. Finally, a stirring time of 5 min was chosen for further studies.
Effect of Sample Matrix. In view of the presence of coexisting ions in most environmental water samples (i.e., Na(I), K(I), Mg(II), Ca(II), Al(III), Fe(III)), it was also considered appropriate to study the influence of such compounds on the adsorption of analytes on MWCNTs using the best experimental conditions described above. The recoveries of metal ions determined in various amounts of matrix ions are given in Table II . As can be seen, the major cations that can be present in natural water have no obvious influence on the determination of the studied metal ions under the optimized conditions. Analytical Figures of Merit of the Dispersive Micro Solid-Phase Extraction Procedure Using Multiwalled Carbon Nanotubes. In Table III , analytical figures of merit of the developed methodology, including recoveries, calibration parameters, and detection limits are displayed. As shown in Table III , Co(II), Ni(II), Cu(II), and Pb(II) can be simultaneously determined at pH = 7 with very good recoveries (96-101%) at the working concentration levels. Under the optimized experimental conditions described above, linear ranges were observed from 0.005 up to 0.2 lg mL À1 for Ni(II), Cu(II), and Pb(II) and up to 0.15 lg mL À1 for Co(II). Detection limits (DL) were calculated using the following expression:
where k is the sensitivity of the method in counts mL s À1 ng À1 , R is the background count rate in counts s À1 , and t is the counting time in s.
It was found that for all of the studied elements, DLs were in the range of 0.20 to 0.79 ng mL À1 if a measuring time of 200 s was applied. However, as shown in Table III , DLs can be improved if longer measuring time is used.
Analytical Application. To test the real capability of the combination of DMSPE and energy-dispersive X-ray fluorescence (EDXRF) spectrometry for the intended purpose, the developed procedure was applied to the determination of Co(II), Ni(II), Cu(II), and Pb(II) in different types of environmental waters, including tap water and wastewater samples. In order to validate the methodology for the different types of environmental water samples, the target samples were also spiked with 10, 20, and 50 ng mL À1 of analytes. The recovery values of the spiked samples (Tables IV and V) were, in most cases, reasonable for trace analysis, which demonstrates the suitability of the proposed methodology for the analysis of real water samples.
CONCLUSION
Multiwalled carbon nanotubes (MWCNTs) are ideal solid sorbent to be used for preconcentration of trace metal ions prior to energy-dispersive X-ray fluorescence (EDXRF) analysis. It results not only from the excellent adsorptive properties of MWCNTs but also from the following facts:
Multiwalled carbon nanotubes do not emit X-ray characteristic radiation (carbon and oxygen are not detected using EDXRF instruments), Due to the low atomic number of carbon and oxygen (in case of oxidized MWCNTs), the attenuation of X-ray fluorescent radiation of trace elements is very small, The particle size effects can be neglected because of the very small size of MWCNTs.
In the proposed procedure, MWCNTs are dispersed in aqueous samples, which promotes immediate interaction between the metal chelates and MWCNTs, and thus the extraction procedure is very fast. It has a large advantage over the classical solid-phase extraction (SPE) procedure if high volumes of aqueous samples have to be passed through a column to obtain adequate detection limits. Moreover, EDXRF offers the possibility of direct quantification of metal species held in the solid sorbents reducing the number of chemicals required and minimizing sample handling. The results of the present investigation show that the combination of EDXRF spectrometry with preconcentration of metal ions using MWCNTs as solid sorbent can be successfully applied for determination of trace metal ions in aqueous samples.
